Objective: To investigate whether the promotion of breakdown of body fat and the increased energy expenditure associated with growth hormone (GH) affect the voluntary food intake of an obese organism. Design: Wistar rats (15 months old) were first fed either a high-fat (HF) or a low-fat (LF) diet for 10 weeks. In the subsequent treatment period, two saline groups continued with either the HF or the LF diet, and rats of three other groups had their diet shifted from HF to LF and were treated with saline, human GH (hGH) or rat GH (rGH). hGH and rGH were given in a dose of 4 mg/kg per day. After 21 days of treatment and registration of food intake, rats were killed, blood was collected and tissues were excised. Results: The HF diet produced a significant ðP , 0:05Þ increase in weight of fat pads compared with the LF diet: 69^5 g compared with 48^2 g: The switch from HF to LF diet combined with injections of saline alone decreased the intake of metabolizable energy, but fat pad weight did not decrease significantly (69^5 g compared with 63^6 g). The latter value was significantly ðP , 0:05Þ decreased (to 37^3 g) in groups treated with either hGH or rGH. Both GH treatments increased serum IGF-I and muscle weight, whereas the activity of adipose tissue lipoprotein lipase decreased significantly ðP , 0:01Þ: During the first 9 days of treatment, food intake was significantly ðP , 0:01Þ depressed, from 27^1 g=kg per day in control rats to 14^2 and 16^4 g=kg per day in the hGH and rGH groups respectively. Conclusion: This study demonstrates that breakdown of adipose tissue and a transient decrease in voluntary food intake are parallel consequences of GH treatment in old and obese rats, and that the actions of hGH and rGH are very similar.
Introduction
It is established that growth hormone (GH) has a potential to reduce fat mass in obese adults (1 -6) . These effects are most probably preceded by increases in metabolic rate and energy expenditure (7 -9) . At present, very little is known of whether the GH-mediated alterations in energy metabolism are associated with changes in voluntary food intake, in humans. Results from experiments performed in laboratory rats imply that GH stimulates food intake (10, 11) . However, these experiments were performed in non-obese and comparatively young rats. In this type of animal, GH has been found to stimulate body protein accretion significantly (12) , thereby also increasing both protein and energy requirements. This might explain the increase in food intake seen. In an older organism, in which the capacity for lean tissue growth is naturally more limited and the amount of energy stored in fat depots is much greater, the calorigenic action of GH might represent a substantial metabolic challenge, the problem being to find a use for the energy delivered from endogenous stores. It cannot be excluded that, in such a situation, administration of GH could be associated with a decrease in voluntary food intake as a way to maintain energy homeostasis.
The main aim of the present work was to investigate the hypothesis that GH administration might decrease food intake, along with fat depots, in an old and obese but otherwise normal rat. From a methodological point of view, we were also interested to learn whether human GH and rat GH had the same effects in this type of animal model. Møllegård Breeding and Research Centre (Lille Skensved, Denmark). On receipt, rats were placed in conventional rat cages housing two or three animals. They were weighed weekly and had free access to drinking water and standard rat feed. All diets, including the experimental ones (Table 1) were purchased from a local feed manufacturer (Brogaarden, Gentofte, Denmark). The experiment was given ethics approval by the Animal Experiment Inspectorate (Dyreforsøgstilsy-net, Copenhagen, Denmark). Recombinant hGH (Norditropin) was from Novo Nordisk A/S (Bagsvaerd, Denmark) and recombinant rat GH was purchased from Bresatec (Adelaide, Australia).
Experimental procedures
At the age of 15 months, rats were randomly assigned to receive either a high-fat (HF) ðn ¼ 45Þ or a low-fat (LF) diet ðn ¼ 22Þ (Table 1) . This 'fattening' period continued for 10 weeks, during which time the body weight development was recorded (Fig. 1) . As dosing started, rats were assigned to five groups. One group of 12 animals that were fed the HF diet ðn ¼ 12Þ and all animals fed the LF diet ðn ¼ 22Þ were allowed to continue on their respective diets, and were injected with saline. In three other groups, the diet was shifted from HF to LF and subcutaneous injections of saline ðn ¼ 11Þ; hGH ðn ¼ 11Þ or rGH ðn ¼ 11Þ were started. During the entire experiment animals were kept in standard cages, housing two or three animals receiving the same treatment, and allowing a 'normal' environment with free access to food and water. The total daily dose (4 mg/kg) of hGH and rGH was divided in two equal parts which were given at 0800 and 1600 h. Body weights were recorded at start of treatment, after 9 days, and at the end of the experiment after 21 days of treatment. The amount of food consumed during these time intervals was estimated by subtracting the residual food recovered from each cage from the total amount presented. On the last day of treatment, unanaesthetized animals were killed by decapitation. After bleeding, serum and plasma was prepared and frozen at 280 8C.
Fat pads around uterus, ovaries and intestines were quickly dissected free and is collectively referred to as 'intra-abdominal fat'. The large fat pad outside the peritoneum, embedding the kidneys, was also dissected free and this is referred to as the 'peri-renal fat pad'. A welldefined subcutaneous fat pad attached to the femoral muscles was also dissected free. After dissection, fat pads were weighed and frozen at 280 8C. One skeletal muscle (quadriceps femoris) was dissected out and weighed, before being dried at +70 8C for 24 h, for determination of muscle dry matter.
Chemical analyses
The content of free fatty acids (FFA) in the diets was analysed by a commercial laboratory (Bioteknologisk Institut, Kolding, Denmark) using gas chromatography and using standardized methods. Serum concentrations of metabolites were analysed in an auto-analyser system Synchron CX5 (Beckman Instruments, Fullerton, CA, USA). Plasma amino acids were determined using an ion exchange chromatographic system, Biochrom 20 (Amersham Pharmacia Biotech, Cambridge, Cambs, UK). After separation, amino acids were allowed to react with ninhydrin. The between-run and withinrun coefficients of variation for the most abundant amino acids were less than 8%. The term 'amino acids' used in the text refers to the 20 naturally occurring amino acids, except tryptophan, with specific tRNAs for incorporation in peptides and protein. 
Hormone assays
Total serum insulin-like growth factor (IGF)-I was measured after acid -ethanol extraction as previously described (13) . The intra-and interassay coefficients of variation were 6% and 13% respectively. Serum insulin was analysed with an assay described previously (14) . The intra-and interassay assay coefficients of variation for this assay were 8.4% and 5.4% respectively. Serum leptin was analysed with a commercial kit from Linco Research, Inc. (St Charles, MO, USA). Intra-and interassay coefficients of variation were 5.7% and 4.6% respectively. Analyses of serum thyroxin (T 4 ) and triiodothyronine (T 3 ) were performed by Dr Forsberg (Department of Clinical Chemistry, Veterinary Faculty, Uppsala, Sweden), using RIA kits from DPC (Los Angeles, CA, USA). The intra-and interassay coefficients of variation for these analyses were all less than 6%.
Lipoprotein lipase assay
Lipoprotein lipase (LPL) activity was analysed in perirenal fat pads, with a method previously described (2) . Briefly, the activity of LPL was measured as the amount of hydrolysed [ 14 C]triolen after incubation of 0.1 ml eluted enzyme with 0.1 ml substrate for 1 h at 37 8C, and was expressed as c.p.m./mg protein per h. The intra-assay coefficient of variation was 8%.
Statistical analyses
All experimental data were entered into the 6.11 version of the SAS statistical software program, in which descriptive statistics were calculated using the univariate procedure (SAS Inc., Cary, NC, USA). Before further analyses, data were checked for normal distribution. In some cases in which deviations were found, data were logarithmically transformed to achieve a normal distribution. Potential differences between treatment groups were tested with a one-way analysis of variance (GLM procedure of SAS) followed by Duncan's multiple-range test. In most cases, these tests were performed with an alpha value of 0.05, but where applicable a value of 0.01 was used. Data are presented as means^s:e:
Results

Body weight gain
As can be seen in Fig. 1 , rats in the two diet groups began with similar body weights, but when rats were introduced to the HF diet there was a rapid increase in body weight. Over a 10-week 'fattening' period, they gained 115^5 g: Rats given the LF diet gained 725 g; which was significantly ðP , 0:01Þ lower. This resulted in significant (P,0.01) differences in live weights (434^8 g in the HF group and 384^11 g in the LF group) at the end of the 10-week period. During dosing, all groups except that given the HF diet appeared to lose somewhat in body weight, but no significant differences were found between groups (Table 2) .
Body composition
The total weight of fat pads excised were respectively 69^5 g and 48^2 g; in animals given the HF and the LF diet (Table 2 ). When change of diet was combined Differences between groups were tested with one-way analysis of variance followed by Duncan's multiple range test. Values within rows not sharing a common superscript letter differ significantly ðP , 0:05Þ:
with saline alone, the corresponding figure was 63^6 g; but if either hGH or rGH was injected instead of saline then the amount of adipose tissue decreased significantly ðP , 0:05Þ; to 37^3 g in both groups. In parallel, fresh liver and muscle (quadriceps femoris) weights increased significantly ðP , 0:05Þ: After the whole muscle was dried, this effect remained significant ðP , 0:05Þ in the hGH group, but not in the rGH group. The differences in body composition evoked by both GH treatments also remained the same when organ and tissue weights were expressed in relation to body weight (Fig. 2) .
Food intake
It was found that a shift of diet from HF to LF combined with injections of saline alone did not in itself affect food intake, but when rats were treated with hGH or rGH, instead of saline, they responded with a marked hypophagia (Table 3 ). This effect was very pronounced up to 9 days of treatment, but disappeared in the period between 9 and 21 days (Fig. 3) .
Plasma variables
During treatment with hGH, circulating concentrations of FFA and amino acids increased significantly ðP , 0:05Þ (Table 4) . Treatment with rGH seemed to move these variables in the same direction, but these effects were not statistically significant. Circulating urea concentrations decreased significantly ðP , 0:05Þ after treatment with both GH variants. Glucose was unchanged, but insulin increased dramatically ðP , 0:05Þ; from 286^47 pmol=l in the control group to 1006^210 and 1230^250 pmol=l in the hGH and rGH groups respectively. This was associated with significant ðP , 0:05Þ increases in serum concentrations of IGF-I. Leptin concentrations tended to decrease during both GH treatments and were approaching the values found in animals that had received the LF diet throughout. This trend was statistically significant ðP , 0:05Þ for animals treated with rGH. Both hGH and rGH increased the serum concentrations of T 4 significantly ðP , 0:05Þ; whereas T 3 remained unchanged ( Table 4) .
Activity of LPL
In the control group in which diet was changed from HF to LF and saline alone was injected, the LPL activity of the peri-renal fat pad was 4343^654 c:p:m:=mg protein per h (Fig. 4) . hGH and rGH decreased this figure to 1919^272 and 2435^525 c:p:m:=mg protein per h respectively. The decrease was statistically significant ðP , 0:01Þ in both cases. The total amount of protein in the peri-renal fat pad remained relatively unchanged, despite the differences in the weight (data not shown).
Discussion
In this study it was found that an HF diet containing 32% of fat promoted adiposity in normal rats when given over an extended period of time. When the fat rats were switched over to an LF diet, their consumption of metabolizable energy decreased, but no major Figure 2 Relative fresh tissue weights of fat pads, liver and muscle (quadriceps femoris). Rats were first fed an HF or an LF diet for 10 weeks. At start of dosing, all rats receiving GH and one saline (Sal) group were switched from the HF diet to the LF diet (HF/LF). Others continued on their diets (HF/HF, LF/LF). hGH and rGH were injected subcutaneously in a daily dose of 4 mg/kg for 21 days. Data are expressed as (fresh tissue/ body weightÞ Â 100 and represent means^S.E. ðn ¼ 11-22Þ: **P , 0:01: significant differences between groups (one-way analysis of variance followed by Duncan's multiple range test).
changes in fat pad weights were seen. This observation confirms that the effect of energy restriction alone on fat mass is a slow process (15) . However, if shift of diet was combined with injections of either hGH or rGH, loss of fat mass was significantly accelerated: after 3 weeks of treatment, the fat pad weights were comparable to those of rats that had been on an LF regimen throughout. Thus the surplus fat accumulated during the 'fattening' period had been broken down, confirming that GH is a potent regulator of body fat mass in old but genetically intact obese rats. Similar results have been found in studies performed in obese Zucker rats (16, 17) and in humans (1 -6). Moreover, from a methodological point of view, it is of great importance that rGH and hGH had more or less identical effects. It implies that either of the two GH variants can be used for studies in the current rat model. The nearly identical response in plasma IGF-I concentration further supports this conclusion.
In parallel with the changes in body fat, both GH variants caused a slight increase in muscle mass in terms of wet weight, which is in line with what has been reported from studies with younger rats (18) . Muscle dry matter was also increased by hGH, and rGH produced results of a similar nature. It is of note that the ingestion of dietary protein was not increased in GH-treated animals. The increase in muscle mass must, therefore, have been dependent on an increased efficiency of conversion of dietary protein to tissue protein. One reason for this could be that GH is known to decrease the hepatic conversion of plasma amino acids to urea (19) , which up-regulates the concentrations of circulating amino acids and favours their peripheral uptake (20) . Accordingly, a decrease in circulating urea and an increase in plasma amino acids were observed in both GH-treated groups. Thus, under the experimental conditions of the present study, GH exerted both lipolytic and protein anabolic actions.
The dramatic reduction of adipose tissue weight in the GH groups was associated with a decrease in the activity of LPL, the enzyme responsible for the hydrolysis of triacylglycerol delivered to tissues in the form of very-low-density lipoprotein particles and chylomicrons circulating in the blood (21, 22) . The same effect of GH on LPL activity has been observed in humans (2) . Thus one explanation as to why GH decreases fat pad weight might be that the entry of FFA into fat depots is significantly decreased. It is believed that GH increases the release of FFA from adipose tissue (3), but in the present study circulating FFA concentrations were only slightly increased by GH treatment. There could be several explanations for this. The most simple could be that blood samples were taken on the last day of dosing. At that time, the fat pads were already normalized and probably, therefore, plasma FFA concentrations also. An increase in the turnover of plasma FFA could be another explanation. Livers of GH-treated animals increased significantly in weight and could be a sign of an increased hepatic uptake of FFA. The composition of the liver after GH treatment is unknown, but increases in liver size have previously been observed in GH-treated obese Zucker rats (16, 17) .
Perhaps the most remarkable finding of the present study was that the administration of both GH variants also caused an immediate and marked decrease in food intake, which diminished only gradually, in the first phase of GH treatment. This is in contrast to the findings of earlier studies in which younger animals were used (10 -12) . A stimulatory effect on food intake has also been seen in GH-treated children (23) . To our knowledge, a hypophagic effect of GH in rats is an original finding and verifies our original hypothesis that the effect of GH on food intake might differ between aged obese animals and younger lean ones. In order to verify this further, young female Wistar rats were given the same dose of hGH as used in the present study (data not shown). It was found that rats responded with a significant increase in food intake shortly after initiation of GH treatment.
For various reasons, the effects of GH on the voluntary food intake in obese humans is a poorly explored area. In many studies, participants were receiving a Figure 4 LPL activity of peri-renal adipose tissue in rats. Rats were first fed an HF or an LF diet for 10 weeks. At start of dosing, all rats receiving GH and one saline group were switched from the HF to the LF diet (HF/LF). Other rats continued on their diets (HF/HF, LF/LF). hGH and rGH were injected subcutaneously in a daily dose of 4 mg/kg for 21 days. Data represent means^S.E. ðn ¼ 11-22Þ: **P , 0:01: significant differences between groups (one-way analysis of variance followed by Duncan's multiple range test). Figure 3 Food intake in a first (days 0-9) and second (days 9-21) period of treatment with hGH, rGH or saline. Rats were first fed an HF diet for 10 weeks. As dosing started, they were switched to an LF diet. The daily dose of GH was 4 mg/kg in all cases. Injections were performed subcutaneously for 21 days. **P , 0:01: significant differences between groups (one-way analysis of variance followed by Duncan's multiple range test). specific dietary regimen (3, 6) , or estimates of food intake were based on self-reporting (1, 23) . It is, however, of note that a decline in appetite after the injection of GH has been observed in pigs in late growth phase (24) , and in dairy cows (25) . It could be suspected that the pigs studied by Roberts & Azain (24) , with body weights between 69 and 100 kg, had already accumulated a considerable amount of fat.
On a general physiological level, it could be speculated that the hypophagic response results from an imbalance between the amounts of energy released during breakdown of fat reserves on one side, and the energy requirement of the protein synthetic machinery on the other. If this hypothesis is correct, such an imbalance is more likely to occur in an aged organism with a large fat reserve combined with a low protein anabolic potential than in a younger organism with a small fat reserve and high protein anabolic drive (26) -which, in addition, is further stimulated by GH (12) . In the present study, the observation that food intake normalized later on during GH treatment when fat reserves had been discharged could fit this hypothesis, and the fact that younger GH-treated rats do not show hypophagia.
In future studies, it will be interesting to explore in more detail the pathways that are involved in the hypophagic effect of GH. In the present work, a decrease in leptin was seen in GH-treated animals. Although leptin might be an important factor measurements were made on samples obtained on the very last day of experiments when food intake was normalized. It would be very interesting to obtain information relating to the leptin concentration of samples taken shortly after commencement of GH treatment, when the effects on food intake are most pronounced. The same is true for the somewhat puzzling results obtained for T 4 and T 3 , namely that T 3 unexpectedly remained unchanged by GH (7, 8) and T 4 was increased. Studies focused on the first period of GH treatment are therefore planned.
GH treatment did not change serum glucose, but circulating concentrations of both insulin and IGF-I were massively increased, more or less to the same degree with both GH variants. These are well known effects of GH, and imply that GH reinforces insulin resistance (14) in the obese state. At least one study in humans suggests that prolonged GH treatment leads to improvements of insulin sensitivity (4). The animal model presented in the present work appears to be well suited to further exploration of this critical point.
In conclusion, this study demonstrates that breakdown of adipose tissue and a transient decrease in voluntary food intake are parallel consequences of GH treatment in old and obese rats, whereas muscle mass is preserved or increased. The mechanism by which these very interesting changes are brought about requires clarification before the therapeutic benefits can be fully envisaged.
